Beetles have attracted attention from researchers due to their unique combination of a passively flapping forewing and an actively flapping hindwing during flight. Because the wing loads of beetles are larger than the wing loads of other insects, the mechanism of beetle flight is potentially useful for modeling a small aircraft with a large weight. In this paper, we present a beetle-type ornithopter in which the wings are geometrically and kinematically modeled after an actual beetle. Furthermore, the forewing is designed to be changeable between no-wing, flapping-wing, or fixed-wing configurations. Micro-electro-mechanical systems (MEMS) differential pressure sensors were attached to both the forewing and the hindwing to evaluate the aerodynamic performance during flight. Whether the forewing is configured as a flapping wing or a fixed wing, it generated constant positive differential pressure during forward flight, whereas the differential pressure on the hindwing varied with the flapping motion during forward flight. The experimental results suggest that beetles utilize the forewing for effective vertical force enhancement.
Introduction
Although the hindwings of beetles are usually invaginated under rigid forewings, the hindwings extrude from under the forewings and perform a flapping motion in the air during flight [1, 2] . In some species of beetles, the forewings are deployed and vibrate passively with the flapping motion of the hindwings during flight [3] . Beetles use this tandem configuration in which the forewings do not flap and the hindwings flap. The evolutionary conservation of this phenomenon suggests that the forewing not only acts as protection in the normal state but also performs aerodynamically significant work in terms of flight performance. The wing load of beetles is significantly larger than the wing loads of other flying insects [4] . Beetles efficiently utilize both the fore-and hindwings to support the larger wing load. Thus, the beetle flight mechanism using both wings is considered to be applicable to modeling a small aircraft with a wing load larger than that of an insect due to the presence of a battery or a motor.
Many studies have investigated the aerodynamics of insect flight for insects such as dragonflies and fruit flies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Methods commonly employed in these studies include airflow visualization around the wing [5] [6] [7] [8] , computational fluid dynamics (CFD) [9] [10] [11] , and artificial wings [12] [13] [14] [15] . Similar methods have been applied to understand the aerodynamics of flight in beetles [16] [17] [18] [19] [20] [21] [22] .
Johansson et al. focused on the interaction between the forewings and the hindwings [19] . They visualized the airflow around the flapping wings of a tethered beetle and revealed that while the lift was improved by a camber-shaped forewing, the total flight efficiency decreased. Le et al. used the results of a CFD simulation, which indicated that a beetle supports its weight by the interaction between its forewing and its hindwing [18] . Regarding other wing interactions in tandem configurations, the interaction between flapping forewings and flapping hindwings modelled after dragonflies were reported in [23] [24] [25] . These studies indicated that phase lag between the wings affects the aerodynamic performance based on flight speed. However, the manner in which large aerodynamic forces occur on the non-flapping forewing and the flapping hindwing in a tandem configuration during actual beetle flight remains unknown.
To evaluate the aerodynamic forces on the wing during flapping flight, we developed a measurement method using micro-electro-mechanical systems (MEMS) differential pressure sensors that can be placed on the wing surfaces of insects or insect-modeled ornithopters [26] [27] [28] [29] [30] . By attaching the MEMS sensor to a butterfly wing, we confirmed that a differential pressure of 10 Pa occurred at the center of the forewing during take-off [27] . The sensors were also attached to the forewing and hindwing of a dragonfly-type ornithopter; the findings revealed that the differential pressure of the hindwing changed according to the phase lag between the forewings and the hindwings [30] . As indicated by previous research, the MEMS differential pressure sensor has helped to quantitatively evaluate the local aerodynamic force generated on flapping wings [27] [28] [29] [30] .
In this study, we developed a beetle-type ornithopter in which the forewings can be either fixed or flapping at a small amplitude in the same phase as that of the hindwings, while the hindwings are flapping wings. The wing designs of the ornithopter were modeled after those of a beetle. Then, we measured the differential pressure between the upper and lower surfaces of the ornithopter's wings during forward flight by attaching a MEMS differential pressure sensor to each wing surface. Because the forewings are demountable, flights with the forewing can be compared to flights without the forewing. Using the experimental results, we evaluated the aerodynamic characteristics of beetle-type flapping flight. Figure 1 shows the design and images of the developed beetle-type ornithopter, which is based on our previous ornithopters [28] [29] [30] and driven by an electric motor with an externally located power supply. Thus, the ornithopter was composed of a long and thin body (more similar to a butterfly than a beetle). However, the geometric design of the ornithopter's wing was modelled after that of a beetle. The wing motion was also kinematically modeled after a beetle. In this research, the forewings are demountable: they can be changed to be fixed or to flap at a small amplitude in the same phase as that of the hindwings. Tables 1 and 2 show each design parameter for both an actual beetle and the developed ornithopter. The aspect ratios of the forewing and hindwing are designed to be similar to those of actual beetles. The total weight of the ornithopter, including cables, is approximately 14 g. The weight of a single forewing is 0.47 g, which is relatively small compared with the total weight, and the forewings are located near the center of mass of the main frame, as shown in Figure 1f . Thus, the existence of the forewing close to the center of mass had minimal influence. The wing loads of the ornithopter with and without the forewing are 10.0 N/m 2 and 12.3 N/m 2 , respectively. The reduced frequency k at the position of the center of the hindwings is roughly calculated providing that the forward flight velocity is zero because the forward flight velocity is rather small compared to the wing-flapping velocity at the center of the hindwings. Then, the reduced frequency is defined as k = 1/(AR Hind ·θ P-P /2) where AR Hind is the aspect ratio of the hindwings. Although the flapping frequency and hindwing length are lower and longer, respectively, than those of beetles, the Reynolds number and reduced frequency are similar to those of beetles. The sizes of the forewing and hindwing are 60 mm × 30 mm and 120 mm × 50 mm, respectively. The ratio of the wing area of the forewings to the wing area of the hindwings is approximately 4:10, which is similar to that of beetles. We designed the forewing as a flat plate composed of frames constructed with a three-dimensional (3D) printer (Stratasys, Eden Prairie, MN, USA), Objet Eden 260 V, Fullcure720) and paper with a thickness of 50 μm. The hindwing is composed of the same paper and involves frames constructed of carbon rods with a diameter of 0.5 mm and plastic corner The sizes of the forewing and hindwing are 60 mm × 30 mm and 120 mm × 50 mm, respectively. The ratio of the wing area of the forewings to the wing area of the hindwings is approximately 4:10, which is similar to that of beetles. We designed the forewing as a flat plate composed of frames constructed with a three-dimensional (3D) printer (Stratasys, Eden Prairie, MN, USA), Objet Eden 260 V, Fullcure720) and paper with a thickness of 50 µm. The hindwing is composed of the same paper and involves frames constructed of carbon rods with a diameter of 0.5 mm and plastic corner materials with dimensions of 0.75 mm × 0.75 mm. The flapping motions of both the forewing and the hindwing are driven by converting the rotational motion of the motor using a slider-crank mechanism, as shown in Figure 1b ,c [30] . The stroke plane angles of both the fore-and hindwings are 90 • , which indicates that the stroke plane is perpendicular to the body axis. The amplitude of the flapping angle of the hindwing is designed to be −70 • to +90 • , which is similar to that of beetles. When the ornithopter is configured to have a fixed forewing, the forewing is fixed to the main body at a flapping angle of 14 • (Figure 1b) . In the case of a flapping forewing, the amplitude is designed to be +10 • to +50 • (Figure 1c) , which is similar to passively-flapping motion of beetle's forewings. We can configure the forewing to a fixed or flapping mode by changing the position of the pin attachment on the crank mechanism. In addition, the feathering motion of the hindwings is caused by passive deformation which is similar to that of beetles and similar to that reported for previous ornithopters [28] [29] [30] . On the other hand, no feathering motion occurs in the forewings, which is similar to beetles. The applied voltage to the motor is fixed at 4 V, corresponding to a flapping frequency of approximately 14 Hz.
Design and Fabrication
The differential pressure sensors using a MEMS piezoresistive cantilever were separately attached to both the forewing and the hindwing. The design and characteristics of the differential pressure sensor were described in a previous paper [26] . Using a Cu/polyimide/Cu flexible substrate with the sensor chip, an electrical connection was made from the wing surface to the wing base, as shown in Figure 2a . The attachment positions were 50 mm longitudinally from the wing base and at the center of the chord of each wing. From the wing base, the sensor signals were connected to an external bridge and amplifier circuit using wired cables in the same manner as the motor power supply. The dimensions of the sensor chip and cantilever were 1.5 mm ×1.5 mm × 0.3 mm and 125 µm × 100 µm × 0.3 µm, respectively, as shown in Figure 2b . The sensors can measure differential pressure within a range of ±100 Pa at a resolution of approximately 1 Pa. The substrate with the sensor chip weighed approximately 5 mg-less than 5% of the wing weight. For the ornithopter configuration that included the forewing, the two sensor outputs from the forewing and hindwing were measured simultaneously. In contrast, only the single sensor output from the hindwing was measured for the ornithopter configured without the forewing. The differential pressure was defined as positive when the pressure on the upper surface was smaller than that on the lower surface. materials with dimensions of 0.75 mm × 0.75 mm. The flapping motions of both the forewing and the hindwing are driven by converting the rotational motion of the motor using a slider-crank mechanism, as shown in Figure 1b ,c [30] . The stroke plane angles of both the fore-and hindwings are 90°, which indicates that the stroke plane is perpendicular to the body axis. The amplitude of the flapping angle of the hindwing is designed to be −70° to +90°, which is similar to that of beetles. When the ornithopter is configured to have a fixed forewing, the forewing is fixed to the main body at a flapping angle of 14° (Figure 1b ). In the case of a flapping forewing, the amplitude is designed to be +10° to +50° (Figure 1c ), which is similar to passively-flapping motion of beetle's forewings. We can configure the forewing to a fixed or flapping mode by changing the position of the pin attachment on the crank mechanism. In addition, the feathering motion of the hindwings is caused by passive deformation which is similar to that of beetles and similar to that reported for previous ornithopters [28] [29] [30] . On the other hand, no feathering motion occurs in the forewings, which is similar to beetles. The applied voltage to the motor is fixed at 4 V, corresponding to a flapping frequency of approximately 14 Hz.
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Experiments
Using the developed beetle-type ornithopter with the MEMS differential pressure sensors, the differential pressure was measured during forward flight. For the flight experiments, the ornithopter was launched by hand with an initial flight velocity. At the instant of manual launch, the body angle and horizontal velocity were approximately 25° and 1-1.5 m/s, respectively. Lateral views of the flight trajectories were recorded using a high-speed camera (Photron, Tokyo, Japan, FASTCAM Mini UX) that was synchronized with the measurements of the sensor signals. The flight trajectory and wing motion were obtained from the high-speed camera images. The sensor signals and high-speed camera images were measured at 1000 Hz and 500 Hz, respectively. To confirm the repeatability of the ornithopter flight, we conducted several flight experiments for each forewing condition. The cables for the sensor signals and external power supply limited the flight distance to 
Using the developed beetle-type ornithopter with the MEMS differential pressure sensors, the differential pressure was measured during forward flight. For the flight experiments, the ornithopter was launched by hand with an initial flight velocity. At the instant of manual launch, the body angle and horizontal velocity were approximately 25 • and 1-1.5 m/s, respectively. Lateral views of the flight trajectories were recorded using a high-speed camera (Photron, Tokyo, Japan, FASTCAM Mini UX) that was synchronized with the measurements of the sensor signals. The flight trajectory and wing motion were obtained from the high-speed camera images. The sensor signals and high-speed camera images were measured at 1000 Hz and 500 Hz, respectively. To confirm the repeatability of the ornithopter flight, we conducted several flight experiments for each forewing condition. The cables for the sensor signals and external power supply limited the flight distance to 1.2 m; however, the flight distance during the experiments was restricted to less than 1 m to minimize the tension on the cables. Figure 3a shows a high-speed camera image of the ornithopter during flight. We tracked the ornithopter at several points and calculated the body angle ϕ, the flapping angles of the forewing θ F , the flapping angles of the hindwing θ H , and the feathering angle of the forewing α H . Definitions of the body angle and flapping angles are shown in Figure 3b . The body angle was calculated as the angle of the line between points f and g in Figure 3a . The flapping angle of the forewing was calculated as the value of an arcsine transform of the length between points b and c in Figure 3a based on the actual wing length of the forewing. The flapping angle of the hindwing was obtained using similar calculations. The feathering angle was calculated from the relationship among the four tracking points (a, a', f and g in Figure 3a ). We defined the angle between the line from point a to point a' and the body line β as shown in Figure 3a . Then, the feathering angle was approximately calculated as the arctangent transform of tan β per cos θ H .
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Results and Discussion

Experimental Result of Differential Pressure Measurement
The measured differential pressures, which were synchronized with the high-speed camera images, are shown in Figure 6a . Figure 6 (a-i) shows only the differential pressure of the hindwing, while Figure 6(a-ii,a-iii) show the differential pressures of both the forewing and the hindwing. The differential pressure data from the sensors were smoothed using a digital bandpass filter of 0.1-100 Hz to eliminate temperature drift and electrical noise. 
Results and Discussion
Experimental Result of Differential Pressure Measurement
The measured differential pressures, which were synchronized with the high-speed camera images, are shown in Figure 6a . Figure 6 (a-i) shows only the differential pressure of the hindwing, while Figure 6(a-ii,a-iii) show the differential pressures of both the forewing and the hindwing. The differential pressure data from the sensors were smoothed using a digital bandpass filter of 0.1-100 Hz to eliminate temperature drift and electrical noise. In all the experiments, the positive peak of the differential pressure occurred during the downstroke, whereas the negative peak occurred during the upstroke. In the case of the ornithopter with the forewing, a positive differential pressure occurred constantly in the forewing, and the average differential pressure of the hindwing was approximately 7 Pa in both the flapping forewings and fixed-forewings configurations. The peak-to-peak value of the differential pressure was approximately −40 to +85 Pa without the forewing and −50 to +60 Pa with the forewing. The differential pressure was asymmetric between the downstroke and the upstroke because the airflow velocity flow into the wing during forward flight differed due to the positive body angle [28] . The waveform of the differential pressure without the forewing was similar to that of a previous ornithopter with a single flapping wing [30] . Table 3 lists the average differential pressure values on the forewing and the peak-to-peak values on the hindwing for each condition. Each flight experiment was repeated approximately seven times to confirm the repeatability of the flight trajectories, as summarized in Table 3 . Tendencies similar to those for the flight trajectory were noted for the waveforms of the measured differential pressures in each condition. Figure 6b ,c shows the body angle φ, the flapping angles of the forewing θF, the flapping angles of the hindwing θH, and the feathering angle of the forewing αH during forward flight. We calculated the flapping angle and feathering angle across three flapping cycles. In all the experiments, the flapping angle of the hindwing ranged from −60° to 70°, which was slightly smaller than the design value. In addition, feathering motion was observed on the hindwing according to the flapping movement. For the ornithopter configuration without the forewing, the body angle gradually decreased at an amplitude of approximately 20° after launch from the initial state of 25°. Conversely, In all the experiments, the positive peak of the differential pressure occurred during the downstroke, whereas the negative peak occurred during the upstroke. In the case of the ornithopter with the forewing, a positive differential pressure occurred constantly in the forewing, and the average differential pressure of the hindwing was approximately 7 Pa in both the flapping forewings and fixed-forewings configurations. The peak-to-peak value of the differential pressure was approximately −40 to +85 Pa without the forewing and −50 to +60 Pa with the forewing. The differential pressure was asymmetric between the downstroke and the upstroke because the airflow velocity flow into the wing during forward flight differed due to the positive body angle [28] . The waveform of the differential pressure without the forewing was similar to that of a previous ornithopter with a single flapping wing [30] . Table 3 lists the average differential pressure values on the forewing and the peak-to-peak values on the hindwing for each condition. Each flight experiment was repeated approximately seven times to confirm the repeatability of the flight trajectories, as summarized in Table 3 . Tendencies similar to those for the flight trajectory were noted for the waveforms of the measured differential pressures in each condition. Figure 6b ,c shows the body angle ϕ, the flapping angles of the forewing θ F , the flapping angles of the hindwing θ H , and the feathering angle of the forewing α H during forward flight. We calculated the flapping angle and feathering angle across three flapping cycles. In all the experiments, the flapping angle of the hindwing ranged from −60 • to 70 • , which was slightly smaller than the design value. In addition, feathering motion was observed on the hindwing according to the flapping movement. For the ornithopter configuration without the forewing, the body angle gradually decreased at an amplitude of approximately 20 • after launch from the initial state of 25 • . Conversely, for the ornithopter configured with the forewing, the amplitude was less than 10 • , and the body angle was maintained at approximately 30 • during flight. Table 3 . Performances of the ornithopter during flight (i) without a forewing (ii) with a flapping forewing and (iii) with a fixed forewing. 
Characteristics (i) (ii) (iii)
Discussion
For the fixed forewing ornithopter configuration, the body angle was approximately 30 • , and deviations from that body angle were small because the fixed forewings act as a damper against rotation in the pitch direction generated by the aerodynamic force from the flapping hindwings. For the ornithopter configured with flapping forewings, deviations in body angle were also small; the flapping forewings act as a damper, and the forewings flapped in the same phase as the hindwings, canceling the moments from the forewing and hindwing forces.
Differential pressure occurred in the forewing even in the fixed-forewing configuration. Thus, this differential pressure acts as a part of the aerodynamic forces that affect flight. Although accurate calculation of the total aerodynamic force generated in the wings was difficult using the measured differential pressure because it displayed non-uniform behavior over the wing surface, there is a strong correlation between the aerodynamic force and the measured differential pressure. The differential pressure was converted into the force by assuming that the measured differential pressure was uniformly applied to each wing surface. The tendencies of the force magnitudes were thought to be similar between the aerodynamic force and the converted force. We estimated the magnitude of the aerodynamic force in the x direction and the aerodynamic force in the z direction (namely, F X and F Z , respectively) from the differential pressure ∆P, the body angle ϕ, the feathering angle α H and the flapping angle θ of each wing. We calculated the force component F of the fixed forewings as follows:
where S is the wing area, which presented values of 3.6 × 10 −3 m 2 and 1.0 × 10 −2 m 2 for the fore-and hindwings, respectively. The flapping angle θ was variable for both the flapping forewing and the hindwing, whereas it was constant in the case of the fixed forewing. In the case of the hindwing, F was split into the component forces in the x direction and z direction by multiplying it by cos (ϕ + α H ) and −sin (ϕ + α H ), respectively, as follows:
Due to a lack of feathering, F was converted into component forces in the x and z directions for the forewing as follows:
By adding the force components of the forewing and hindwing, we evaluated the whole force for each ornithopter configuration. We employed the data from the first three flapping cycles for these calculations.
Because ornithopter tracking with the high-speed camera was performed manually, there were some errors in the calculated angles. In principle, there was a tendency for the error to increase when the flapping angle was near ±90 • . However, the differential pressure was relatively small when the flapping angle was near ±90 • . Thus, we considered the influence of the error of the calculated angle to be small in the overall calculation of the forces.
The converted forces in the x and z directions (F X and F Z , respectively) calculated based on the data in Figure 6 are shown in Figure 7 . We redefined the time axis to ensure that the start of the first stroke began at zero. In all the experiments, the vertical force F Z and the propulsive force F X due to the hindwing occurred primarily during the downstroke and upstroke, respectively. The average vertical force during one flapping cycle became approximately 111 mN in the hindwing of the ornithopter without the forewing. For the flapping-forewing configuration, the average vertical forces of the forewing and hindwing were 39 mN and 125 mN, respectively. In the case of the ornithopter with the fixed forewing, these values were 42 mN and 110 mN, respectively. Focusing on the hindwing, the average vertical forces of the ornithopter with the forewing were similar to those without the forewing, whereas the differential pressure of the ornithopter with the forewing was larger than that without the forewing. Because the body angle was larger during flight, the large body angle caused improvement in the vertical force of the flapping hindwing. The total average vertical force of the ornithopter with the forewing was 1.6 times larger than that without the forewing, as shown in Figure 7 , even in the case of the fixed forewing. This enhancement ratio was larger than the wing area ratio between the hindwing with the forewing and with the hindwing only, for which the value was 1.3. By adding the force components of the forewing and hindwing, we evaluated the whole force for each ornithopter configuration. We employed the data from the first three flapping cycles for these calculations.
Because ornithopter tracking with the high-speed camera was performed manually, there were some errors in the calculated angles. In principle, there was a tendency for the error to increase when the flapping angle was near ±90°. However, the differential pressure was relatively small when the flapping angle was near ±90°. Thus, we considered the influence of the error of the calculated angle to be small in the overall calculation of the forces.
The converted forces in the x and z directions (FX and FZ, respectively) calculated based on the data in Figure 6 are shown in Figure 7 . We redefined the time axis to ensure that the start of the first stroke began at zero. In all the experiments, the vertical force FZ and the propulsive force FX due to the hindwing occurred primarily during the downstroke and upstroke, respectively. The average vertical force during one flapping cycle became approximately 111 mN in the hindwing of the ornithopter without the forewing. For the flapping-forewing configuration, the average vertical forces of the forewing and hindwing were 39 mN and 125 mN, respectively. In the case of the ornithopter with the fixed forewing, these values were 42 mN and 110 mN, respectively. Focusing on the hindwing, the average vertical forces of the ornithopter with the forewing were similar to those without the forewing, whereas the differential pressure of the ornithopter with the forewing was larger than that without the forewing. Because the body angle was larger during flight, the large body angle caused improvement in the vertical force of the flapping hindwing. The total average vertical force of the ornithopter with the forewing was 1.6 times larger than that without the forewing, as shown in Figure 7 , even in the case of the fixed forewing. This enhancement ratio was larger than the wing area ratio between the hindwing with the forewing and with the hindwing only, for which the value was 1.3. In addition, the vertical components of the total force acting on the ornithopter were calculated by multiplying the mass of the ornithopter by the z directional acceleration obtained from the second-order differential of the trajectory of the center of mass, which included the gravitational acceleration [33] [34] [35] . The vertical components of the total force during one flapping cycle obtained from the high-speed camera images were 127 mN, 136 mN and 136 mN, in the three configurations, Figure 7 . (a,b) Calculated F X and F Z of the forewing and hindwing from the measured differential pressure, wing area, body angle, flapping angle and feathering angle (i) without a forewing (ii) with a flapping forewing and (iii) with a fixed forewing.
In addition, the vertical components of the total force acting on the ornithopter were calculated by multiplying the mass of the ornithopter by the z directional acceleration obtained from the second-order differential of the trajectory of the center of mass, which included the gravitational acceleration [33] [34] [35] . The vertical components of the total force during one flapping cycle obtained from the high-speed camera images were 127 mN, 136 mN and 136 mN, in the three configurations, respectively. These values were similar to the F Z values calculated from the measured differential pressure. Conversely, the propulsive force of the forewing was a constant negative value. The propulsive force of the hindwing of the ornithopter with the forewing was smaller than that without the forewing. As a result, the x-axis velocity of the ornithopter with the forewing was slightly smaller than that without the forewing. These experimental results suggested that the forewing is utilized to support the generation of vertical force but negatively affects forward acceleration. The beetle-type ornithopter utilizes the effective vertical force enhancement from the forewing but its forward acceleration is reduced.
Several methods are available to enhance the aerodynamic vertical force of an ornithopter with flapping wings. Enlarging the wing area or adding flapping wings, such as in a dragonfly-type ornithopter, is highly effective. Another effective method is to increase the flapping frequency. However, all these methods require additional motor power, which causes an increase in body weight. In contrast, in the beetle-type ornithopter, the fixed wings are simply added ahead of the flapping wings of a single flapping wing-type ornithopter, and no additional motor power is needed. Even when we consider the additional weight of the forewings, the aerodynamic vertical force is effectively enhanced from the additional fixed forewing. Thus, the design concept of the beetle-type ornithopter can provide important design options when ornithopters need vertical force enhancement.
Conclusions
The aerodynamic characteristics of the forewing and hindwing of a beetle-type ornithopter were evaluated using MEMS differential pressure sensors. During forward flight, differential pressures occurred not only on the flapping hindwing but also on the forewing-regardless of whether the forewing was a fixed wing or a flapping wing. The differential pressure on the forewing was effectively transformed into a vertical force contribution of 30-40% during one flapping cycle. The use of a beetle-type forewing in flight can assist in designing ornithopters with flapping wings.
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